Kinetoplastids have a nucleus that contains the nuclear genome and a kinetoplast that 9 contains the mitochondrial genome. These single-copy organelles must be duplicated 10 and segregated faithfully to daughter cells at each cell division. In Trypanosoma 11 brucei, although duplication of both organelles starts around the same time, 12 segregation of the kinetoplast precedes that of the nucleus. Cytokinesis subsequently 13 takes place so that daughter cells inherit a single copy of each organelle. Very little is 14 known about the molecular mechanism that governs the timing of these events. 15
Introduction 29
Accurate transmission of genetic material to offspring is essential for the survival of 30 organisms. The genome in eukaryotes exists in different organelles such as the 31 nucleus, mitochondria, and plastids. Nuclear DNA is duplicated during S phase and 32 segregated equally to daughter cells during M phase. Kinetochores are the 33 macromolecular protein complexes that assemble onto centromeric DNA and interact 34 with spindle microtubules. It is essential that sister kinetochores attach to spindle 35 microtubules emanating from opposite poles in metaphase so that sister chromatids 36 segregate away from each other during anaphase. Cells possess a surveillance 37 mechanism, called the spindle checkpoint, that delays the onset of anaphase in 38 response to defects in kinetochore-microtubule attachments (London and Biggins 39 2014; Musacchio 2015). Once all sister kinetochores have achieved proper bi-oriented 40 attachments, the spindle checkpoint is satisfied. This results in the ubiquitylation of 41 two key targets cyclin B and securin by the anaphase-promoting complex (APC/C), 42 leading to their destruction by proteasomes. 43
In contrast to nuclear DNA, the mechanism of mitochondrial DNA 44 transmission varies among eukaryotes. For example, in animals that have a high copy 45 number of mitochondria, transmission of mitochondrial DNA is thought to occur 46 randomly (Westermann 2010). On the other hand, a single mitochondrion is present in 47 many unicellular eukaryotes, such as kinetoplastids, Plasmodium falciparum and 48 2009). The timing of duplication and partition of their mitochondria must be 50 coordinated with the cell cycle machinery in these organisms. Kinetoplastids are a 51 group of unicellular organisms that are characterized by the unique structure called 52 the kinetoplast, which is a network of multiple copies of mitochondrial DNA (termed 53 the kDNA) enclosed in a single mitochondrion (Vickerman 1962 there must be a mechanism to coordinate the segregation of nuclear DNA with 88 cytokinesis in unperturbed cells. One possibility is the presence of a cell cycle 89 oscillator that triggers cell cycle events in a set sequence even without feedback 
Identification of cyclin B CYC6 as a molecular cell cycle marker 106
Cellular localization of CYC6 has not been reported thus far, so we first examined it 107 by endogenously tagging CYC6 with an N-terminal YFP tag in T. brucei procyclic 108 cells. We observed the following localization pattern ( Figure 1A ). There was no 109 distinct signal in G1 cells. From S phase onwards, CYC6 was found at the basal body 110 area and flagellum. From G2 to metaphase, nuclear signal was observed with 111 significant enrichment at kinetochore regions in metaphase. In fact, these nuclear dots 112 co-localized with a kinetochore marker protein, KKT2 ( Figure 1B ). CYC6 113 disappeared from the nucleus in anaphase. We obtained similar results for CRK3, 114 which formed dots in metaphase and disappeared in anaphase ( Figure 1C ). Thus, 115 CYC6 and CRK3 exhibit a differential localization pattern depending on cell cycle 116 stages, and can therefore be used as a molecular cell cycle marker. 117 118 Cyclin B CYC6 is important for bipolar spindle assembly, but not for kinetochore 119 assembly 120 CDK activities are known to be important for kinetochore assembly in some 121 eukaryotes, including humans (Gascoigne and Cheeseman 2013). The finding that 122 CYC6 localizes at kinetochores from G2 to metaphase in trypanosomes prompted us 123 to study its importance for kinetochore assembly. We therefore depleted CYC6 by 124 This protein had a localization pattern characteristic of spindle microtubules, so we 131 named it MAP103 for microtubule-associated protein 103 kDa ( Figure S1 ). We 132 observed defective spindle microtubules in CYC6-depleted cells, suggesting that 133 CDK activities are essential for proper bipolar spindle assembly ( Figure 2A ). Under 134 these conditions, however, localization of all KKT proteins we examined was not 135 affected (KKT1, KKT4, KKT7, KKT8, KKT10, KKT14, KKT16) ( Figure 2B ). 136 Therefore, CYC6 is dispensable for the assembly of these kinetochore proteins in 137 procyclic cells. 138 139
Cells fail to delay the onset of anaphase in response to spindle defects 140
We next used CYC6 as a molecular cell cycle marker to examine the effect of drugs. 141
We first used an anti-microtubule agent, ansamitocin, to examine the effect of a 142 bipolar spindle assembly defect for cell cycle progression (Robinson and Gull 1991). 143
By testing various concentrations of ansamitocin, we found that 5 nM of ansamitocin 144 significantly slowed down cell growth ( Figure 3A) . After a 4-hr treatment, nuclear 145 division and bipolar spindle assembly was perturbed as expected ( Figure 3B ). In this 146 condition, however, we found no significant enrichment of nuclear CYC6-positive 147 cells ( Figure 3C expressing YFP-CYC6 were treated with 10 µM MG-132 for 4 hr, ~30% of cells had 156 nuclear CYC6 signal (compared to ~10 % in control), suggesting that the nucleus 157 arrested prior to anaphase ( Figure 4A, B) . Indeed, these cells had a bipolar spindle 158 (often elongated) and most of their kinetochores were aligned at the metaphase plate 159 ( Figure 4C , D). We also noted that the distance between the two kinetoplast DNA in 160 these cells was often greater than that in control metaphase cells. These results 161 suggest that, upon MG-132 treatment, trypanosomes arrest the nucleus in a 162 metaphase-like state in which cyclin B is not degraded, although their cytoplasm 163 transits to an anaphase-like state. 164
Because MG-132 treatment affects the protein level of many other proteins, 165 we next tested whether the presence of cyclin B in the nucleus is sufficient to prevent 166 nuclear division. Overexpression of wild-type CYC6 did not affect cell growth (data 167 not shown). We therefore expressed a GFP-NLS fusion of a non-degradable form of 168 CYC6 (CYC6 ∆1-57 ). Interestingly, we detected a decrease in 2K2N cells and 169 accumulation of 2K1N cells upon expression of non-degradable CYC6 for 8 hr 170
( Figure 4E ), suggesting that the nucleus was arrested in a metaphase-like state. 171
Indeed, kinetochores were aligned at the metaphase plate in these cells ( Figure 4F ). 172
We also detected a significant increase in the number of zoids (1K0N cells). This 173 implies that cytokinesis occurred despite the lack of nuclear division ( Figure 4E Interestingly, we found that expression of non-degradable cyclin B can delay 194 the onset of anaphase (in the nucleus). This means that trypanosomes could 195 potentially coordinate the timing of nuclear division with that of cytokinesis by 196 regulating the level of the CYC6 protein in the nucleus. Because APC/C is 197 responsible for the degradation of mitotic cyclins, understanding its regulatory 198 mechanism is of critical importance. It is interesting to note that two kinetochore 199 proteins (KKT4 and KKT20) co-purified with several components of the APC/C 200 (Akiyoshi and Gull 2014; Nerusheva and Akiyoshi 2016), suggesting that 201 kinetochores may directly regulate APC/C activities. It will be important to 202 understand the underlying mechanism. 203 It remains unclear how the timing of cytokinesis onset is determined in 204 trypanosomes. It has been suggested that it may be the segregation of basal bodies, 205 rather than that of the nucleus, that is linked to cytokinesis in trypanosomes 206 (Ploubidou et al. 1999). Interestingly, CYC6 signal was found not only at 207 kinetochores but also at basal bodies and flagella. Therefore, CYC6 might also have 208 an ability to regulate the onset of cytokinesis, which will need to be tested in future 209 studies. 210 211 212
Supplemental material 213
Supplemental material contains Figure S1 , and Tables S1, S2, and S3. Plasmids and primers used in this study are listed in Table S2 and S3, respectively. 
